Phage fd-infected host bacteria revealed three characteristic changes in their envelope. (i) The preferred cleavage plane during freeze-fracturing shifted from the inner to the outer membrane (OM). (ii) The total lipids of the OM of the infected cells increased by 25% without major alterations in the relative concentration of phospholipids. We propose that such an increase would to some extent contribute to the change in the freeze-fracture behavior of the OM; however, additional factors will have to play a role in the apparent fracture resistance of the inner membrane. (iii) Ultrathin sectioning and immunolabeling methods revealed that extrusion of fd phages takes place at membrane adhesion sites of the infected cells.
Phage fd is a filamentous phage of the group Ff (26) which infects F-pili-carrying male strains of Escherichia coli. Other members of the group are phages fl, M13, and ZJ/2. The phage particles are about 900 nm long and 7.0 nm thick and have a single-stranded circular chromosome (15) . Their protein shell is made up of a major coat protein, the product of gene VIII, and of minor proteins, the products of genes III, VI, VII, IX (11, 37) . Interaction of the major coat protein with the single-stranded phage DNA has been shown by X-ray diffraction studies (2, 26) . The unique orientation of the DNA within the virion has been described by Webster et al. (36) . Cells infected with wild-type phage continue to grow and release newly synthesized phage without lysis (19) .
The production and release of the phage involves a sequence of stages. The newly synthesized single-stranded virus DNA is complexed with gene V protein (35) , attaches to the inner membrane (IM), and is extruded through the membrane, while gene V protein is replaced by the major and minor coat proteins which assemble around the DNA (11, 26) . The virion is exported in the reverse direction from that of the virus uptake during infection (23) .
The IM stores the phage coat proteins; until phage assembly is completed, the major coat protein (pVIII) is an integral transmembrane protein (31) which changes its conformation significantly during assembly into the virus capsid (16) . The involvement of the protoplasmic membrane and its lipids in the virus assembly process has been reported in detail, and the major as well as the minor capsid proteins (pIll and pIV) and also gene products VI, VII, and IX were found to be associated with the IM (17, 33) . The phospholipid metabolism has been shown to be unaffected in cells producing wild-type virus except during the early period (10 to 20 min) after infection, when new phage is not yet produced (37) .
The role of the outer membrane (OM) in phage-producing cells has not been clearly established. Obviously, the virion has to pass through this membrane during extrusion, but the virion does not seem to associate stably with the OM (31) . In the present study we show that phage fd infection produces a significant alteration of the cell envelope which is reflected in the abnormal freeze-fracturing of envelopes which takes place in an unusual cleavage plane. The entire OM is involved in this change, which occurs despite the fact that * Corresponding author. the biochemical composition of the OM, especially that of the membrane lipids, is only slightly affected. Therefore, the change in lipid content cannot be fully responsible for the unusual freeze-fracture behavior. We also found that the extrusion of phage fd takes place at membrane adhesion sites at which IM and OM are attached to each other.
(Preliminary accounts of some of this work were presented previously [Abstr. Annu films, rapidly frozen in pentane at liquid nitrogen temperature, and subjected to fracture and etching procedures described previously (7) . To obtain comparable preparative conditions for the freeze-fracturing, we subjected the infected cells and control cells to identical freeze-fracture treatment: freezing and freeze-fracturing were performed in the same experimental environment, such as placement of the frozen cells in adjacent wells of the cooling table, so that differences in fracture speed and table temperature could be eliminated. For an easier recognition of the fracture planes in our micrographs, the replicas are copied so that the metal shadows appear dark.
Area measurements of membrane fracture planes were executed directly on the electron micrographs by using a Hypad board attached to the Institute's computer facility, and the data were plotted as cumulative distribution of the ratios of fracture planes of IM (IMF) and of OM (OMF).
For ultrathin sectioning, the washed and resuspended sediments were fixed for 1 Stereomicrographs were taken at specimen tilts differing by 120.
For immunolabeling, antisera against fd phage were obtained by inoculating rabbits with fd phage purified in cesium chloride density gradients. The sera were pretreated with 2 x 1010 (uninfected) HB11 cells and were prepared as described before (1, 8) . All labeling steps were executed at 4°C. Before fixation, the anti-fd IgG (1 ,ug of protein per ml) was added for 10 min to the cultures. Within this time, no agglutination of the infected cells was observed. Ferritinconjugated antiserum was occasionally used. However, we preferred the indirect labeling method because of its higher sensitivity: after treatment with unconjugated antibody, the cells were washed twice by centrifugation and gentle resuspension in new medium, and ferritin-conjugated antirabbit IgG (from goat [Miles Laboratories, Inc., Elkhart, Ind.]) was added. Either the ferritin-IgG coupling was done in accordance with the manufacturer's instructions (Polysciences) or the ferritin conjugate was purchased from Miles Laboratories and used in 0.1 M phosphate buffer (pH 7.2). Between 10 and 30 min after the ferritin complex was added, the cells were washed three times and fixed as described above. For direct staining, anti-fd IgG was added to purified phages in suspension, the mixture was placed on a Formvarcoated copper grid, the grid was washed with water, and gold-protein A solution was added. The gold (14-nm bead size) was made in accordance with published procedures (29) . The procedure to detect cell surface antigens for slide agglutination has been described earlier (9) .
French pressure cell, membrane fractions were separated in discontinuous sucrose gradients (9) . The protein concentration was determined by the Hartree modification of the Lowry method (18) . Contamination of vesicle fractions with OM and IM material was assayed with 2-keto-3-deoxyoctonate and,B-NADH-oxidase activity (28) .
Electrophoresis of OM proteins. OM proteins of E. coli HB11 cells infected with fd phage (MOI of 10 to 20) and OM proteins of uninfected cells were analyzed by sodium dodecyl sulfate-acrylamide gel electrophoresis (24) . Continuous gels containing 6, 11 , and 20% acrylamide were prepared with Acryl Aide (FMC Corp., Marine Colloids Div., Rockland, Maine) instead of bisacrylamide. Purified fd phage preparations were subjected to gel electrophoresis following the procedure described by Makino et al. (25) . Stained slab gels were scanned in a densitometer (3380S Integrator; Hewlett-Packard Co.).
Radioactive labeling of membranes. Membrane phospholipids of growing HB11 cells were labeled with [16- 14C]palmitic acid (16:0), which constitutes the major fatty acid of E. coli phosphoglycerides (14) . When the cells had reached a density of 2 x 107/ml, 25 ml of the suspension was labeled with 10 pCi of [16-14C] to grow for another 0.5 h before it was rapidly chilled over ice. Labeled fd-infected and uninfected cells were spun in cold glassware at 4,000 x g for 10 min at 4°C. All subsequent steps leading to and including membrane vesicle preparation by the French pressure cell procedure were done at 4°C (9) .
Phospholipid extraction and identification. Total lipids were extracted from membrane preparations in cold chloroform-methanol (1:2) , and the amount of lipid in the chloroform phase was estimated gravimetrically (10) . Membrane phospholipids labeled with [14C]palmitate were chromatographed by two-dimensional thin-layer chromatography on Silica Gel H plates (Analtech, Newark, Del.) (34) as previously described (8) .
We were concerned here with the identification of major phospholipid moieties of the E. coli HB11 OM. Phospholipids labeled with [14C]palmitic acid were tentatively identified by cochromatography with commercial phospholipid samples (bacterial phosphatidylglycerol and cardiolipin from Supelco Inc., Bellafonte, Pa.; all others from Sigma). In several cases, zones of interest were reextracted in chloroform and rechromatographed in the appropriate solvent system to ascertain the phosphoglyceride moiety (21) . Identified phospholipid areas were scraped off the thin-layer chromatography plate into counting vials, and the radioactivity was determined with a liquid scintillation counter (Beckman Instruments, Inc., Fullerton, Calif.).
RESULTS
Ultrastructure. After infection of cells with filamentous phage fd the ultrastructure of E. coli exhibited a number of changes. F-pili, to whose tips filamentous virions attach, disappeared from the cells within 25 min after infection. The capacity of the F-pili to adsorb at their sides phages MS2 and R17 (13) was used to distinguish the pilus from filamentous phage particles (Fig. 1) . At 25 min after infection the bacteria were seen to extrude filamentous virus particles, as monitored by negative staining of whole cells from cultures. We found that 60 min after infection, between 5 and 10 virions virions (6 to 7 nm) can be attributed to the metal apposition during shadow casting.
Most striking was a change in the freeze-fracture behavior of the envelopes of the infected E. coli cells, which consisted of an almost exclusive occurrence of the freeze-fracture plane in the OM (Fig. 2 and 3) . Most of the cell envelopes did not fracture at all in the IM. In contrast, the uninfected HB11 cells were freeze-cleaved preferentially in the IM (Fig. 4,  left) , exposing the hydrophobic portion of that membrane with its intramembranous particles. Freeze-cleaving of the OM in uninfected E. coli HB11 is a comparatively rare event, and only small areas of the OM fracture plane are normally exposed (Fig. 4, left) . This is similar to other Escherichia coli strains (6, 27) . When we analyzed the ratio of IM fracture area (IMF) over OM fracture area (OMF) by measuring the fracture areas of 21 HB11 cells, the uninfected cells had IMF/OMF ratios between 1.2 and 22.6; this means that in the controls the IMF was always in excess of the OMF. In contrast, the OMF of fd-infected cells was greatly predominating, and in 75% of the cells an IMF was not visible at all. Whenever the fracture did occur in the IM, it did so only to a minor extent (Fig. 4, right) . Figure 5 shows the plots of area ratios of the IMF/OMF in uninfected and in fd-infected bacteria. We used Fisher's two-tailed randomization method to test whether the uninfected and infected cells have significantly different ratios of IMF/OMF. The test yielded P < 10-4 = 0.0001. Hence, the difference is unequivocal.
The convex fracture plane of the OM of infected bacteria revealed a large number of spherical and cylindrical elements ( Fig. 2 and 3, left) . These intramembranous particles protruded farther over the cell surface (Fig. 3, left) than the typical intramembranous particles did in uninfected cells. The extent of protrusion of the particles could also be seen from their shadow cast on the plane of the surrounding ice.
Measurement of these short rods ancd their shadows revealed diameters of 10.5 ± 1.8 nm. Since shadow casting involves the apposition of metal on the structures, the value for the true diameter of the particles will be smaller by up to 3.0 nm (4) . We estimated that a maximum of 600 to 800 of these particles was present in infected cells and less than 300 in uninfected cells. The complementary OM fracture, OM concave, exhibited the abundant particles typical for this membrane plane without revealing significant differences between infected and uninfected cells (Fig. 3, right) . In the concave OM fracture of infected cells occasionally a few short filaments were seen (Fig. 3, right) . The nature of these elements has not been established.
Ultrathin sectioning. To localize the sites of virus exit, we studied plasmolized fd-producing cells in ultrathin sections. Figure 6a shows a cross-section of a cell from a virusproducing culture. One, possibly two, delicate fibers of 7-to 8-nm diameter can be observed as they emerge from the cell surface at sites of adhesion of IM and OM. For identification and localization of extruding virus filaments, we immunolabeled the virus by exposing the washed cells to anti-fd IgG, which was either directly conjugated to ferritin or labeled with ferritin-conjugated anti-rabbit IgG. The ultrathin sections showed mostly elongated and tree-like ferritin-immunocomplexes in both the directly and the indirectly labeled preparations (see Fig. 6c clusters, occasionally involving more than one particle (Fig.  6b) . In thin sections such clusters will give rise to the structures seen in Fig. 6c and 7 . Plasmolized cells revealed that the phage antigen is localized over the sites of mem, brane adhesion (Fig. 6c) . Controls in which uninfected cultures were exposed to the virus-antibody showed no immunocomplexes.
At the site of the attachment of a virus-immunocomplex to the cell surface one can often distinguish a fine filament that appears to serve as connecting element (Fig. 7a and b) .
To determine the number of immunocomplexes per sectioned cell (see remarks in the Materials and Methods section), we grouped the data in (i) cross-sectioned cells, (ii) longitudinally sectioned cells, and (iii) an intermediate group (containing cells with oblique section planes relative to the long axis of the cell). We counted 562 cells and found attachment of immunocomplexes to cells of group i in 6% of the cells, of group ii in 32% of the cells, and of group iii in 21% of the cells. With a section thickness of 50 nm and a cell length of 3 x 103 to 3.5 x 103 nm, a cell can be cut into 60 to 70 cross-sections (group i). This suggests that about four virions are attached per cell. In longitudinal sections of the cell cylinder (group ii), possibly only 50% of the diameter of the cylinder, namely the portion along the long equator of the cell, can produce clear cell membrane profiles in the electron microscope. (Cells with more tilted or grazing section planes were not included in these counts.) With a cell diameter of 103 nm, only 10 feasible sections are to be expected, which represent roughly one-third of the surface of the cell. Since 32% of group ii cells showed one virusimmunocomplex, we estimate the presence of three times as many (= nine) virions per cell. These values (four and nine phage particles per cell) are well within the range expected from negatively stained preparations.
Lipid composition of the OM. The unusual establishment of a fracture plane in the OM of phage-infected cells suggested to us that either the lipid composition of the OM had made this membrane more fracturable than the IM or that the IM had acquired a property that made it more resistant to freeze-fracture. Therefore, we analyzed the lipid composition of the OM of fd-infected growing E. coli HB11. The total extractable lipid from three membrane gradients was 1.24 times higher in the OM of infected cells (with 285 + 15 ,ug of lipid per mg of protein) than in the OM of the uninfected host (230 ± 13 ,ug of lipid per mg of protein). Sodium dodecyl sulfate-acrylamide gel electrophoresis of the OM fractions revealed no differences in the position and intensity of the polypeptide bands from fd-infected and uninfected cells.
Phospholipids were analyzed with OM material prepared 1.5 to 2 h after phage infection ( Table 1 ). The phosphatidylethanolamine concentration in the OM decreased from 88.5% in uninfected cells to 82.4% in infected cells, whereas the concentration of radioactive label in phosphatidylglycerol and cardiolipin increased from 8.7 to 12.7% and from 0.3 to 1.5%, respectively.
Our data indicate that there is a moderate change in the relative concentration of individual phospholipid species and a 1.24-fold increase in total extractable lipid per unit OM protein in the virus-producing cell. However, this increase is not sufficient to explain the preponderance of OM fracture planes in the phage-infected cell. It is noteworthy that the fracture planes did not single out small unique domains but incorporated the entire OM.
Since sodium dodecyl sulfate-polyacrylamide gel electrophoresis of OM proteins failed to reveal capsid proteins in the OM vesicle fractions, a stable association between virus and OM and a modification of the OM by virus protein is not to be expected. DISCUSSION Phages fd, fl, and M13 infect F-pilus-containing bacteria by attaching to the tips of the pili (13) . Subsequent to infection, synthesis of new F-pili is halted (26) . In our experiments, cell-associated F-pili were not observed 25 min after fd infection. The electron microscope showed also that common pili were not present in these cultures. We observed in the light microscope that anti-fd serum started to agglutinate host cells 20 min after fd infection. We assume that during this reaction, neighboring cells are agglutinated via the extruding virions. We conclude that cell surfaceassociated filamentous elements seen 60 to 90 min after infection represented virus particles.
Our analysis of total lipids in infected and uninfected cells revealed a 1.24-fold increase upon infection, which coincided with our observation of an increased fracture readiness of the OM in these cells. It appears tempting to speculate that these two increases are correlated. Such a correlation could be derived from our earlier freeze-fracture studies on E. coli CR34 and its heptose-deficient mutants (5) . The deep-rough mutant (GR467) has, in addition to deficiencies in OM protein and heptose, an almost 2.5-fold excess of phospholipid over that of the parent CR34 (22) and revealed in freeze-fractures a highly preferred fracture in the OM, whereas strain CR34 showed a preponderance for the fracture in the IM (5) . Interestingly, a revertant strain of that group of mutants, strain R2, contained only 1.29 times as much phospholipid in the OM as did the parent strain CR34 (22) and showed in freeze-fractures an about equal exposure of cleavage planes in the IM and the OM (5). In contrast to this, the relatively small lipid increase in the OM of fdinfected cells appears to be insufficient to cause over 75% of the fractures to occur exclusively in the OM. A transient elevation of the phospholipid metabolism during the first 10 to 20 min after phage fl infection was reported to return in the later stages to values observed in uninfected cells (37) ; also, the phospholipid composition of IM and OM was reported not to be significantly altered 90 min after infection (37) . To explain the abundance of the OM freeze-fracture plane, we propose that in addition to the changes in the lipid composition of the OM, other factors might be involved, such as an increase in the fracture resistance of the IM, due to the presence of the major capsid protein (pVIII). Since this protein is an integral membrane protein (31) spanning the membrane, it may provide "rivets" which could hold the two membrane leaflets of the IM together. Other factors, such as the effects of metal cations affecting fluidity and internal bond energy in the membranes (G. Ferris and T. Beveridge, submitted for publication), might play contributary roles in the fracturing behavior of the cell envelope.
The emergence of virus from the cell surface appears to involve numerous sites (12, 20) . Negatively stained preparations of infected HB11 showed that between 5 and 30 phages can be observed in association with the infected cell. The association of the virion with the envelope during virus production appeared to be strong enough to withstand washing procedures and to participate in the agglutination of the cells by phage antibody. The low electron contrast of phage fd in the ultrathin sections (Fig. 6a ) is in agreement with data reported for phage ZJ/2 (12) . The filamentous structures, labeled or unlabeled, were found over adhesion sites, indicating that the adhesion sites are exporting the phage. We would like to emphasize the importance of stereo methodology in this type of study. Without this method, an overlapping of virus particle and cell surface can falsely suggest a site of virus attachment. A thin filamentous part of the phage-immunocomplex at the site of contact with the cell appears to represent a part of the virion (Fig. 7) . The data also suggest that export occurs at a limited number of adhesion sites.
In our model of the bacterial cell surface (3), the domain of an adhesion site is an area where processes of membrane synthesis and export cause the two membranes of the envelope to resist separation by plasmolysis. The model proposes a cell surface mosaic containing membrane adhesion sites as functionally and structurally identifiable areas. Lopez and Webster (23a) found that the infection of E. coli with another filamentous phage, phage fl, appears to affect the quantity of adhesion sites, with the number of adhesion sites increasing in the fl-infected cells. These authors also found that phage fl is extruded at membrane adhesion sites. Thus, one can add to the functions of adhesion sites the export of filamentous phages fd and fl. Similar to the relatively few adhesion sites serving as export sites of polysaccharides, only a relatively small number of adhesion sites is involved in phage fd export.
We conclude that (i) phage fd infection alters the biophysical state of the entire cell envelope significantly, whereas (ii) the biochemical changes in the OM are much less pronounced. (iii) The extrusion of filamentous phage fd is localized at membrane adhesion sites.
